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ABSTRACT 
When levelling a navigation lock with a culvert-based system, overtravel occurs due to the inertia of the water 
flowing in the culverts. This paper provides first an overview of known analytical formulae for the levelling time 
and characteristics of the surges around the equalization level, based upon a simplified model governed by a 
second order differential equation for a quadratically damped oscillator. New analytical formulae for lock levelling 
are then presented, based upon recent work on the mass oscillations in a simple surge tank problem, which is 
governed by the same equation. When the damping parameter is relatively small, the new formulae are more 
accurate solutions to the simplified lock levelling problem than the known formulae. Finally, it is illustrated how 
the formulae can be applied outside the simplified modelling framework, in particular to the Kieldrecht lock 
(Belgium), which is equipped with two unequal bypass culverts per lock head. By calibrating the total head 
losses of the two culverts independently, making use of available measurements for one-sided fillings, and 
replacing the two culverts by one equivalent culvert in case of two-sided fillings, predictions with the analytical 
formulae can be made. The filling time predictions of the new and the known formula agree reasonably well with 
the measurements, except in case of fillings characterized by a relatively small damping parameter (small lift 
height), where the known formula yields an underprediction. The new and the known formulae agree reasonably 
well with the measured time of the first up-surge, but overpredict its height.  
Keywords: Navigation lock; filling-emptying; overtravel 
1 INTRODUCTION 
Navigation locks are important hydraulic structures in maritime and inland waterways. To enable ships to 
overcome the water level difference between two adjacent pools of water (lift height), the lock chamber needs 
to be levelled with the upper pool (lock filling) or lower pool (lock emptying). Different lock levelling systems are 
available (PIANC, 1986, 2009), such as through-the-gate systems (consisting of openings in the lock gates) and 
culvert-based systems (consisting of short culverts in the lock heads or longer culverts in the lock walls or lock 
floor). The specific choice of a system depends to a large extent on the lift height of the lock and on the desired 
lock levelling time. Whatever system is chosen, the forces exerted by the water flow onto the moored ships 
while levelling should not exceed the maximum allowable force (PIANC, 2015).  
The filling (resp. emptying) with culvert-based systems does not cease instantaneously when the water 
level in the lock chamber reaches the level of the upper (resp. lower) pool, as is the case in a through-the-gate 
system. Due to the inertia of the water flowing in the culverts, a damped oscillation of the water level in the lock 
chamber around its equilibrium level occurs (Pillsbury, 1915). The latter phenomenon is referred to as overtravel 
and goes along with a damped oscillation of the flow rate in the culverts around the zero equilibrium level. If the 
lock gate is opened during overtravel, the water level difference due to a surge should not exceed the surge 
height component in the design head of the gate and its drive mechanism. Moreover, it may result in extra forces 
on the (moored) vessels in the lock chamber.  
The overtravel phenomenon in a navigation lock is similar to the mass oscillations in a surge tank used as 
protection against water hammer effects in a pressurized pipe flow, see e.g. Escande (1942, 1943) and Jaeger 
(1977). Upon a given set of assumptions, the basic model formulation of the navigation lock filling (section 2) 
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can be cast into the same second order differential equation for a quadratically damped oscillator (section 3.1) 
as governing the simple surge tank problem. Despite the differences in initial conditions, analytical solutions of 
the surge tank problem can then be translated to the navigation lock problem (and vice versa). In section 3.2, 
an overview of known approximate analytical formulae for the lock filling time and for the characteristics of the 
first up-surge is given, whereas in section 3.3 more accurate formulae are presented, including new ones, based 
upon the work of Guo et al. (2017) on a simple surge tank problem. In section 4, the analytical formulae will be 
applied to the Kieldrecht lock (Port of Antwerp, Belgium) and a comparison of the predictions to in situ 
measurements will be made. Conclusions are formulated in section 5. 
2 BASIC MODEL FORMULATION 
The basic model formulation will only consider lock filling, since lock emptying is completely analogous. 
Figure 1 (left) presents a general sketch of a lock chamber with surface area 𝑆𝑐, which is filled from an upper 
reservoir having a surface area 𝑆𝑢, by means of one or more culverts.  
The time-dependent flow rate 𝑄 in a culvert is positive when the flow is in the direction of the lock chamber. 
In case of multiple culverts, they may differ in length 𝐿, total head loss coefficient 𝑘 and corresponding cross-
sectional area 𝐴. Note that a through-the-gate system can be interpreted as a special case of a culvert-based 
system, in which the openings in the lock gate are considered as culverts with length 𝐿 = 0. 
Figure 1. Definition sketch for navigation lock filling and overtravel 
The water levels in the lock chamber and in the upper reservoir are described with respect to an upward 
pointing vertical 𝑧-axis, with an arbitrary origin. The water level in the lock chamber is denoted by 𝑧𝑐 and varies 
in time between an initial value 𝑧𝑜 and the water level 𝑧𝑒 upon equalization with the upper reservoir (Figure 1, 
right). The lift height ℓ is then defined as ℓ = 𝑧𝑒 − 𝑧𝑜.  
Depending on the specific lock configuration, the water level in the upper reservoir 𝑧𝑢 and the equalization 
water level 𝑧𝑒 may be constant or may vary in time. In case of an upper reservoir having a surface area that is 
very large compared to the surface area of the lock chamber (i.e. 𝑆𝑐 𝑆𝑢⁄ ≪ 1), 𝑧𝑒 is identical to 𝑧𝑢. Hence, both
remain constant in time, except when 𝑧𝑢 varies in time under the influence of factors external to the lock filling 
(like e.g. tide or surge waves in maritime resp. inland locks). When the upper reservoir and the lock chamber 
have a comparable surface area (i.e. 𝑆𝑐 𝑆𝑢⁄ = 𝒪(1)), however, both will act as communicating vessels. In that
case, 𝑧𝑢 will vary in time in the opposite sense of 𝑧𝑐. This can be seen from the following mass balance, which 
holds at any instant of time:  
(𝑧𝑢 − 𝑧𝑒)𝑆𝑢 = (𝑧𝑒 − 𝑧𝑐)𝑆𝑐 [1] 
By evaluating Eq. [1] at the beginning of lock filling (i.e. at 𝑡 = 0), the constant equalization water level 𝑧𝑒 can 
be expressed as a function of the initial water level in the lock chamber 𝑧𝑜, the initial head between the upper 
reservoir and the lock chamber and their surface area ratio 𝑆𝑐 𝑆𝑢⁄ . Note that in case of chamber-to-chamber
filling in a multiple lift lock, 𝑆𝑐 𝑆𝑢⁄ = 1. The equalization water level 𝑧𝑒 is then exactly halfway between the initial
water levels of the two adjacent chambers. 
For each of the culverts, an unsteady energy equation can be written along a streamline connecting the 
free surfaces of the upper reservoir and the lock chamber: 
(𝑧𝑢 − 𝑧𝑐) =
k
2gA
2  |Q|Q + 
L
gA
𝑄′ 
[2] 
where the prime denotes a derivative with respect to time. The first term in the left hand side of Eq. [2] represents 
the total head losses, i.e. the sum of the frictional head losses and the local head losses. The second term in 
the left hand side accounts for the inertia of the water flowing in the culvert, based upon the rigid column method. 
For the lock chamber, the continuity equation can be written: 
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𝑆𝑐𝑧𝑐 ′ = 𝑄𝑡𝑜𝑡 [3] 
where 𝑄𝑡𝑜𝑡 denotes the sum of the flow rates 𝑄 in the individual culverts. 
Note that Eqs. [2] and Eq. [3] constitute a system of first order differential equations in time, that needs to 
be solved for the unknowns in combination with the following initial conditions: 
𝑧𝑐 = 𝑧𝑜(= 𝑧𝑒 − ℓ) and all 𝑄 = 0 (hence 𝑧𝑐 ′ = 0) at 𝑡 = 0 [4] 
For the sake of clarity, some modelling assumptions tacitly made in the foregoing basic model formulation 
will now be made explicit: (i) the water surfaces in the lock chamber and the upper reservoir are horizontal at 
every instant in time, i.e. translational waves and associated free surface slopes are neglected, (ii) the chamber 
and the upper reservoir are prismatic, i.e. their surface areas do not change with the water level, (iii) drying of 
the chamber or the upper reservoir is excluded, (iv) the only source of inertia is the water flow in the culverts, 
i.e. the inertia in the lock chamber and in the upper reservoir is neglected, (v) the volume of flowing water in a
culvert is given by the product of the culvert length 𝐿 and the cross-sectional area 𝐴 used in the total head loss
formulation.
A numerical solution to Eqs. [2], [3] and [4] can in principle be found by means of general-purpose 
mathematical software. In practice, however, the lock levelling model is often set up and solved by means of 
dedicated software for simulation of hydraulic networks consisting of reservoirs, straight pipes, bends, T- or Y-
junctions, valves, etc. (like e.g. LOCKSIM, FLOWMASTER and WANDA). In such software, the total head loss 
term in Eq. [2] is evaluated at every timestep, taking into account the Reynolds number-dependency (hence 
time-dependency) of the pipes’ friction coefficients, as well as the position-dependency (hence time-
dependency, for a given valve opening scheme) of the culvert valves’ head loss coefficients. 
3 SIMPLIFIED MODEL FORMULATION 
3.1 Governing equations 
A simplified model formulation will now be adopted, based upon the following additional assumptions: (vi) 
the culvert-based levelling system consists of 𝑛 identical culverts (i.e. culverts having the same length 𝐿, total 
head loss coefficient 𝑘 and corresponding cross-sectional area 𝐴), (vii) the culvert valves are opened 
instantaneously, (viii) the Reynolds number-dependency of the friction (and local head loss) coefficients is 
neglected (i.e. the flow in the culverts is assumed to be hydraulically rough at any instant of time), (ix) 𝑧𝑢 may 
only vary in time because of the filling of the lock chamber (i.e. no external source of time-variations, like e.g. 
tide, occurs). 
As a consequence of the assumptions (vii) and (viii), the total head loss coefficient 𝑘 in Eq. [2] is constant 
in time. Assumption (vi) allows to rewrite Eq. [3] as follows: 
𝑆𝑐𝑧𝑐 ′ = 𝑛𝑄 [5] 
Assumption (ix) implies that 𝑧𝑒 in Eq. [1] is constant in time. 
Eqs. [1], [2] and [5] can now be combined to yield the following second order differential equation in time: 
(1 +
𝑆𝑐
𝑆𝑢
) (𝑧𝑐 − 𝑧𝑒) +
𝑘
2𝑔
(
𝑆𝑐
𝑛𝐴
)
2
|𝑧𝑐 ′|𝑧𝑐
′ +
𝐿
𝑔
(
𝑆𝑐
𝑛𝐴
) 𝑧𝑐
′′ = 0
[6] 
for which the initial conditions in Eq. [4] still hold. 
By introducing an inverse time scale 𝜔𝑜: 
𝜔𝑜 = (
𝑔
𝐿
𝑛𝐴
𝑆𝑐
)
1
2
[7] 
a dimensionless time coordinate 𝜏 can be defined: 
𝜏 = 𝜔𝑜𝑡 [8] 
Similarly, the deviation of the water surface in the lock chamber from its equalization level can be presented 
by a dimensionless parameter 𝜁: 
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𝜁 = (𝑧𝑐 − 𝑧𝑒) ℓ⁄ [9] 
Eqs. [6] and [4] can now be presented in a dimensionless form: 
?̃?𝜁 + 𝜓|𝜁̇|𝜁̇ + 𝜁̈ = 0 [10] 
𝜁 = −1 and  𝜁̇ = 0 at 𝜏 = 0 [11] 
in which a dot represents a derivative with respect to 𝜏 and ?̃? is a function of the ratio 𝜎 of the surface areas: 
?̃? = 1 + 𝜎 = 1 + 𝑆𝑐 𝑆𝑢⁄  [12]
while 𝜓 is a dimensionless damping parameter: 
𝜓 =
𝑘
2
ℓ
𝐿
𝑆𝑐
𝑛𝐴
[13] 
In Schindfessel et al. (2015), a typical range for the damping parameter of common culvert-based levelling 
systems was estimated: 10−1 ≲ 𝜓 ≲ 103.  
For given values of (?̃? and) 𝜓, accurate numerical solutions of Eqs. [10] and [11] can be found, allowing to 
determine the corresponding dimensionless lock filling time 𝜏𝑓𝑢𝑙𝑙   (= 𝜔𝑜𝑡𝑓𝑢𝑙𝑙, where the filling time 𝑡𝑓𝑢𝑙𝑙 is defined 
as the time when the water level in the lock chamber 𝑧𝑐 first exceeds the equalization level 𝑧𝑒 with the upper 
reservoir) and the dimensionless heights 𝜁𝑖(= (𝑧𝑖 − 𝑧𝑒) ℓ⁄ ) and corresponding dimensionless times 𝜏𝑖(= 𝜔𝑜𝑡𝑖)
of the successive overtravel surges. Note that odd (resp. even) values of the integer 𝑖 correspond to up-surges 
(resp. down-surges), see Figure 1 (right).  
As an alternative to numerical solutions of the simplified model problem, analytical formulae for 𝜏𝑓𝑢𝑙𝑙, 𝜁𝑖 and 
𝜏𝑖 will be presented in the following sections. 
3.2 Approximate analytical formulae 
By neglecting the exponential term in the first integration of Eq. [10] ꟷ  actually the same term which was 
already conjectured to be often negligible by Pillsbury (1915) ꟷ  the following approximate formulae were derived 
in Schindfessel et al. (2015): 
𝜏𝑓𝑢𝑙𝑙 = 2 (
𝜓
?̃?
)
1 2⁄
[(
1
2𝜓
+ 1)
1 2⁄
− (
1
2𝜓
)
1 2⁄
] 
[14] 
𝜁1 =
1
2𝜓
[15] 
(𝜏1 − 𝜏𝑓𝑢𝑙𝑙) = (2 ?̃?⁄ )
1 2⁄ [16] 
These formulae were verified to have an error ≾ 5% in comparison to accurate numerical solutions, provided 
that the damping parameter 𝜓 is sufficiently large, i.e. 𝜓 ≳ 9 for Eq. [14] and 𝜓 ≳ 2 for Eqs. [15] and [16].  
In dimensional form, the foregoing formulae read: 
𝑡𝑓𝑢𝑙𝑙 =
𝑆𝑐
 𝑛𝐴 
[
2𝑘
(1 +
𝑆𝑐
𝑆𝑢
) 𝑔
]
1 2⁄
[(ℓ + (𝑧1 − 𝑧𝑒))
1
2 − (𝑧1 − 𝑧𝑒)
1
2] 
[17] 
𝑧1 − 𝑧𝑒 =
𝐿
𝑘
𝑛𝐴
𝑆𝑐
[18] 
(𝑡1 − 𝑡𝑓𝑢𝑙𝑙) = [
2𝐿
(1 + 𝑆𝑐 𝑆𝑢⁄ )𝑔
𝑆𝑐
𝑛𝐴
]
1 2⁄ [19]
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Eq. [18] suggests that the height (𝑧1 − 𝑧𝑒) of the first up-surge is proportional to the total volume of water (𝐿. 𝑛𝐴)
flowing in the culverts and inversely proportional to the lock’s surface area (𝑆𝑐) and the total head loss coefficient 
(𝑘). Moreover, (𝑧1 − 𝑧𝑒) seems to be independent of the lift height (ℓ), hence of the initial head.
Note that if 𝑆𝑐 𝑆𝑢⁄ ≪ 1, Eq. [17] reduces to the formula for the filling time derived by Pillsbury (1915):
𝑡𝑓𝑢𝑙𝑙 =
2𝑆𝑐
√2𝑔 𝐶𝐿  𝑛𝐴
[(ℓ + (𝑧1 − 𝑧𝑒))
1 2⁄
− (𝑧1 − 𝑧𝑒)
1 2⁄ ]
[20] 
in which the overall lock coefficient 𝐶𝐿 is defined as: 
𝐶𝐿 = 1/√𝑘 [21] 
Eqs. [20] and [17] reveal that the filling time of a culvert-based system is a function of the height (𝑧1 − 𝑧𝑒) of the
first up-surge. In the limit of a zero culvert length 𝐿, however, the culvert-based system reduces to a through-
the-gate system, and no overtravel occurs. Eq. [18] then yields (𝑧1 − 𝑧𝑒) = 0. Hence, Eq. [20] reduces to the
classical formula for the lock filling time:  
𝑡𝑓𝑢𝑙𝑙 =
2𝑆𝑐√ℓ
√2𝑔 𝐶𝐿  𝑛𝐴
[22] 
From the foregoing, it is clear that the classical formula (Eq. [22]) is not accurate in case of culvert-based 
systems. This was also acknowledged by Pillsbury (1915), referring to the poor agreement with observations in 
the (first and second lane of) the Panama Canal locks.  
Note that the most general dimensionless form of the inertialess filling time can be retrieved from Eq. [14] 
by setting (𝜁1 =) 1 2𝜓⁄  to zero:
𝜏𝑓𝑢𝑙𝑙 = 2(𝜓 ?̃?⁄ )
1 2⁄ [23] 
3.3 More accurate analytical formulae 
By an alternative formulation and manipulation of the equations governing the simplified lock filling model, 
Violeau (2016) derived exact formulae for the height 𝜁1 of the first up-surge:  
(1 − 2𝜓𝜁1)𝑒
2𝜓𝜁1 = (1 + 2𝜓)𝑒−2𝜓 [24] 
and for the heights 𝜁𝑖 (with 𝑖 ≥ 2) of the successive down-surges (𝑖 even) and up-surges (𝑖 odd): 
(1 − 2𝜓|𝜁𝑖|)𝑒
2𝜓|𝜁𝑖| = (1 + 2𝜓|𝜁𝑖−1|)𝑒
−2𝜓|𝜁𝑖−1| [25]
As pointed out in Violeau (2016), Schindfessel et al. (2016) and Guo et al. (2017), similar derivations and 
resulting formulae appeared earlier in the literature on mass oscillations in surge tanks (see e.g. Van Zandt, 
1917 ; Steber & Reisman, 1969; Jaeger, 1977). 
Note that Eqs. [24] and [25] are implicit formulae for the unknown surge heights. Inspired by the work of 
Guo et al. (2017) on a simple surge tank problem, however, Eqs. [24] and [25] can be recast into explicit formulae 
for the unknowns, making use of the so-called primary branch 𝑊𝑜(𝑥) of the Lambert W-function. The latter is 
defined as the (multivalued) inverse of the function 𝑥𝑒𝑥 (i.e. 𝑊(𝑥)𝑒𝑊(𝑥) = 𝑥, for 𝑥 ≥ −𝑒−1 ) and its primary branch 
has 𝑊𝑜 ≥ −1. The explicit formulae read as follows for the height 𝜁1 of the first up-surge :  
𝜁1 =
1
2𝜓
{1 + 𝑊𝑜[−(1 + 2𝜓)𝑒
−(1+2𝜓)]} 
[26] 
and the heights 𝜁𝑖 (with 𝑖 ≥ 2) of the successive down-surges (𝑖 even) and up-surges (𝑖 odd): 
𝜁𝑖 =
(−1)𝑖−1
2𝜓
{1 + 𝑊𝑜[−(1 + 2𝜓|𝜁𝑖−1|)𝑒
−(1+2𝜓|𝜁𝑖−1|)]}
[27]
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The function 𝑊𝑜(𝑥) can be evaluated with Matlab, Maple or Mathematica. Add-ins may be found for Excel.
Figure 2 compares the approximate value of the first up-surge height 𝜁
1
 according to Eq. [15] to the exact
value of Eq. [26]. The blue full line shows that the approximate formula overestimates the first up-surge height. 
But the overestimation remains ≾ 5% for 𝜓 ≳ 2 (and confirms the findings in Schindfessel et al. (2015) where 
the approximate formula was compared to accurate numerical solutions of Eqs. [10] and [11]). While the 
dimensional form of Eq. [15] (i.e. Eq. [18]) suggests that (𝑧1 − 𝑧𝑒) is independent of the lift height (ℓ), the 𝑊𝑜-
contribution in the righthand side of Eq. [26] actually shows there is some dependency. For sufficiently large 𝜓 
values, however, this dependency becomes negligible. 
Guo et al. (2017) also derived accurate (but not exact) formulae for the time evolution of the successive 
mass oscillations in a surge tank, based on Padé approximants. Applying a similar methodology to the case of 
navigation lock filling yields the following formulae for the filling time and the time of the first up-surge:  
𝜏𝑓𝑢𝑙𝑙 = 2 (
𝜓
?̃?
)
1/2
 √
(1 + 𝜁∗)2
(−𝜁∗)
 𝐸(𝜙𝑜|𝑚) 
[28] 
(𝜏1 − 𝜏𝑓𝑢𝑙𝑙) = 2 (
𝜓
?̃?
)
1/2
 √
(1 + 𝜁∗)2
(−𝜁∗)
[𝐸(𝑚) − 𝐸(𝜙𝑜|𝑚)]
[29] 
where: 
𝐸(𝜙𝑜|𝑚) = ∫ √
1 − 𝑚2𝑡2
1 − 𝑡2
𝑑𝑡
sin 𝜙𝑜
0
 
[30] 
𝐸(𝑚) = ∫ √
1 − 𝑚2𝑡2
1 − 𝑡2
𝑑𝑡
1
0
 
[31] 
𝜙𝑜 = sin
−1 √
1
(𝜁1 + 1)
[32] 
𝑚 = √
(𝜁1 + 1)
(𝜁∗ + 1)
[2 −
(𝜁1 + 1)
(𝜁∗ + 1)
] 
[33] 
𝜁∗ = −1 +
1
2𝜓
ln(1 + 2𝜓) 
[34] 
𝐸(𝜙𝑜|𝑚) and 𝐸(𝑚) are so-called elliptic integrals of the second kind, which may be evaluated with e.g. Matlab,
Maple or Mathematica. (Note that 𝑚 is a complex number, but straightforward formulae exist to handle elliptic 
integrals with a complex modulus, see e.g. NIST.) 
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Figure 2. Ratio of results approximate to accurate analytical formulae 
Figure 2 compares the approximate value of the lock filling time 𝜏𝑓𝑢𝑙𝑙 according to Eq. [14] with the accurate 
value of Eq. [28]. The red full line shows that the approximate formula underestimates the first up-surge height, 
but the overestimation remains ≾ 5% for 𝜓 ≳ 5. The red dashed line indicates that the inertialess filling time 
according to Eq. [23] agrees much less with the accurate values of Eq. [28], in comparison to Eq. [14]. 
In the same Figure 2 also a comparison is made of the approximate value of the time of the first up-surge 
(𝜏1 − 𝜏𝑓𝑢𝑙𝑙 ) according to Eq. [16] with the accurate value of Eq. [29]. The green full line shows that the 
approximate formula deviates less than 5% from the exact formula for 𝜓 ≳ 0.4. 
Applying the Guo et al. (2017) approach onto the navigation lock filling problem also yields accurate 
formulae for the times of the other surges (𝜏𝑖 − 𝜏𝑓𝑢𝑙𝑙) with 𝑖 ≥ 2, involving again elliptic integrals of the second 
kind. For reasons of conciseness, these formulae will not be presented in the present paper.  
4 APPLICATION TO KIELDRECHT LOCK (BELGIUM) 
4.1 Kieldrecht lock and levelling system 
The Kieldrecht lock is a large maritime lock in the Port of Antwerp (Belgium) that came into operation in 
2016. It connects the (tidal) river Scheldt, and in particular the (tidal) Deurganck dock, to the (non-tidal) docks 
at the left bank of the river, that are referred to as the Waasland port (Figure 3, left).  
Figure 3. Location (left) of Kieldrecht lock in Port of Antwerp (Belgium) and levelling system (right) 
Two rolling gates are installed in each of the lock heads (Figure 3, right). The lock chamber is 500 m long 
between the outer rolling gates and has a width of 68 m. The operational depth is 17.8 m below chart datum 
(TAW). The lock levelling system consists of two bypass culverts in each lock head. These culverts are of 
unequal length, due to the presence of the two rolling gate recesses in each lock head. In both the short and 
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the long culvert, two vertical lift valves are present. The total area under the fully opened valves equals the 
cross-sectional area elsewhere in the culverts (𝐴=7m x 7m). The system in the lower lock head is in plan view 
roughly a mirror image of the one in the upper lock head, though there are slight differences in 3D lay-out and 
length of the corresponding culverts, because of differences in elevation of the water intakes. Note that the 
surface area of the lock chamber depends on which rolling gates are used during the levelling. However, 𝑆𝑐 is 
always much smaller than 𝑆𝑢 (Figure 3, left), hence 𝜎 = 𝑆𝑐 𝑆𝑢⁄ = 0 and ?̃? = 1.
4.2 In situ measurements 
Levellings through the lower lock head are not considered in this paper, since the tidal variation of the water 
level in the Deurganck dock would complicate the comparison with the analytical formulae. For simplicity, Table 
1 only contains fillings through the upper lock head. For these lockages, measurements are available based 
upon the water level gauges in the lock chamber (located at a lock wall, halfway between the inner rolling gates) 
and in the upper pool (i.e. the forebay at the Waasland port side). In contrast to lockages n° 1 to 4 (made in 
2017), the closure of the culvert valves and opening of the rolling gate in lockage n° 5 (made in 2019) were 
delayed in order to record a sufficient number of un-biased surges during overtravel (Figure 4). The lift height 
of the lockages in Table 1 varies between 0.75 m and 3.68 m. Note that when filling through the upper lock 
head, the (extreme) minimum and maximum lift heights are about 0 m and 5.3 m, respectively.  
In Table 1, the time and height of the first up-surge during a lockage are only indicated if these are un-
biased by valve or gate closure. Note that both in Table 1 and Figure 4, the surge heights are indicated with 
respect to the equilibrium level 𝑧𝑒 (i.e. the 𝑧𝑢 level at 𝑡 = 𝑡𝑓𝑢𝑙𝑙), as well as with respect to the simultaneous upper 
pool level 𝑧𝑢. Both surge height indications slightly differ since 𝑧𝑢 somewhat fluctuates during overtravel. The 
first indication (𝑧1 − 𝑧𝑒) is more straightforward to compare with the analytical formulae (since the latter assume 
a constant equilibrium level), whereas the second indication (𝑧1 − 𝑧𝑢) is more representative for the maximum 
value of the instantaneous water level differences over the closed lock gate during overtravel.  
Table 1. In situ measurements of Kieldrecht lock filling through upper lock head 
(m* = meter w.r.t. chart datum TAW ; NA = not available) 
n° gates 
culvert valves 
𝑧𝑜  
(m*) 
𝑧𝑒  
(m*) 
ℓ 
(m) 
𝑡𝑓𝑢𝑙𝑙 
(s) 
at max. rise 
in 0 ≤ 𝑡 ≤ 𝑡1 
at 1st up-surge 
𝑡 = 𝑡1 
short long 
𝑧𝑐 
(m*) 
𝑑𝑧𝑐 𝑑𝑡⁄  
(mm/s) 
𝑡1 − 𝑡𝑓𝑢𝑙𝑙 
(s) 
𝑧1 − 𝑧𝑒 
(mm) 
𝑧1 − 𝑧𝑢 
(mm) 
1 2,4 5,6 --- -0.25 3.43 3.68 964 0.44 6.7 NA NA NA 
2 2,4 --- 7,8 0.99 3.51 2.52 878 1.45 4.6 NA NA NA 
3 2,4 5,6 7,8 1.62 3.55 1.93 382 2.32 7.6 99 12.5 16.2 
4 2,4 5,6 7,8 0.32 3.52 3.20 499 1.23 10.4 100 11.9 16.6 
5 2,3 5,6 7,8 2.73 3.48 0.75 268 3.11 4.2 111 10.5 9.2 
Figure 4. Measured water level deviations of lock chamber with respect to equilibrium level 𝑧𝑒 (full line) 
and with respect to simultaneous level 𝑧𝑢 (dotted line), during overtravel in lockage n° 5. 
Markers indicate predictions with 𝜓-values according to row 5i resp. 5ii of Table 2. 
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4.3 Application of analytical formulae 
Application of the analytical formulae to filling of the Kieldrecht lock is less straightforward than it may seem. 
4.3.1 Non-identical culverts 
The two culverts in the upper lock head have an identical cross-section (𝐴1 = 𝐴2 = 𝐴), but differ in length
(𝐿1 ≠ 𝐿2) and lay-out, hence in head loss coefficient (𝑘1 ≠ 𝑘2). To make the analytical formulae derived in the
assumption of 𝑛 identical culverts applicable to more complex levelling systems, the equivalent culvert approach 
was introduced in Schindfessel et al. (2015), inspired by the work of Escande (1942, 1943) for surge tank 
problems. Two non-identical culverts in parallel can be replaced by (𝑛𝑒𝑞 =) 1 equivalent culvert of which one 
characteristic may be freely chosen, e.g. 𝐴𝑒𝑞: 
 𝐴𝑒𝑞 = 𝐴1 + 𝐴2 [35] 
while the other two characteristics, 𝐿𝑒𝑞 and 𝑘𝑒𝑞, can be retrieved from: 
𝐴𝑒𝑞 𝐿𝑒𝑞⁄ = 𝐴1 𝐿1⁄ + 𝐴2 𝐿2⁄  [36] 
𝐴𝑒𝑞 𝑘𝑒𝑞
1 2⁄⁄ = 𝐴1 𝑘1
1 2⁄⁄ + 𝐴2 𝑘2
1 2⁄⁄ [37] 
The formulae from section 3.2 can now be used with the following damping parameter and inverse time scale: 
𝜓𝑒𝑞 =
𝑘𝑒𝑞
2
ℓ
𝐿𝑒𝑞
𝑆𝑐
𝑛𝑒𝑞𝐴𝑒𝑞
[38] 
𝜔𝑜𝑒𝑞 = (
𝑔
𝐿𝑒𝑞
𝑛𝑒𝑞𝐴𝑒𝑞
𝑆𝑐
)
1 2⁄ [39] 
4.3.2 Valve opening time 
The valves are not opened instantaneously, as was assumed in the derivation of the analytical formulae, 
but open in a finite time 𝑡𝑣 ≈ 154 𝑠. The filling time 𝑡𝑓𝑢𝑙𝑙 (resp. 𝜏𝑓𝑢𝑙𝑙) then lengthens with 𝐾𝑡𝑣 (resp. 𝐾𝜔𝑜𝑡𝑣), where 
the overall valve coefficient 𝐾 is usually in the range 0.4 to 0.6 (USACE, 2006), hence a value of 0.5 will be 
adopted in this paper. In Schindfessel (2013), no influence of 𝑡𝑣 on the height (𝑧1 − 𝑧𝑒) and time (𝑡1 − 𝑡𝑓𝑢𝑙𝑙) of
the first up-surge was found (based upon accurate numerical solution of Eqs. [10] and [11]) provided that the 
linearly opening valves are fully open before the equilibrium water level is reached. 
4.3.3 Flow-direction dependent head losses 
From the start of lock filling till the 1st up-surge is reached (i.e. in the time interval 0 ≤ 𝑡 ≤ 𝑡1, see right panel
in Figure 1), the water in the culverts flows from the intakes towards the outlet constructions (which aim at 
splitting and redirecting the filling jets), i.e. the so-called filling direction. From the 1st up-surge till the 2nd down-
surge is reached (i.e. in the interval 𝑡1 ≤ 𝑡 ≤ 𝑡2), however, the water flows in the opposite direction, i.e. the 
emptying direction. At every further surge, the flow direction changes again. Since the flow features and the 
corresponding head losses in e.g. the outlet constructions and the intakes depend upon the flow direction, it is 
strictly speaking not possible to model an entire lock filling by means of a single total head loss coefficient 𝑘, as 
was assumed in the derivation of the analytical formulae. Since the major focus in this paper is on the interval 
0 ≤ 𝑡 ≤ 𝑡1, only 𝑘 values for the filling direction will be estimated. 
4.3.4 Estimation of total head loss coefficients 
Note that the lockages n° 1 and 2 in Table 1 pertain to one-sided lock filling, i.e. using only one culvert in 
the upper lock head. The measured 𝑧𝑐 and 𝑑𝑧𝑐 𝑑𝑡⁄  values at the moment of maximum water level rise (i.e. at
maximum discharge) in the interval 0 ≤ 𝑡 ≤ 𝑡1, as well as the measured 𝑧𝑒 value, indicated in Table 1 will be 
used to derive the total head loss coefficient in the filling direction 𝑘1 (resp. 𝑘2) for the short (resp. long) culvert. 
To this end, the unknown head loss coefficient will be evaluated from Eq. [6] at the moment of maximum water 
level rise, i.e. when the inertia term is zero: 
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(𝑧𝑐 − 𝑧𝑒) +
𝑘
2𝑔
(
𝑆𝑐
𝑛𝐴
)
2
(
𝑑𝑧𝑐
𝑑𝑡
)
2
= 0 
[40] 
The resulting coefficients (𝑘1 ≈ 2.42 resp. 𝑘2 ≈ 3.52) are indicated in Table 2 (row 1
i resp. 2i).
Table 2. Comparison of analytical predictions and experimental values 
(* indicates that analytical filling times are lengthened with 𝐾𝑡𝑣 = 0.5 ∗ 154 s)
n
° 
𝑆 𝑐
 (
1
0
³ 
m
²)
 
𝑛
𝐴
 (
m
²)
 
𝐿
 (
m
) 
𝜔
𝑜−
1
 (
s
)
ℓ
 (
m
) 
𝑘
 (
-)
 
𝜓 (-) 
𝑡𝑓𝑢𝑙𝑙 
(s) 
(%)
𝑡1 − 𝑡𝑓𝑢𝑙𝑙 
(s) 
(%)
𝑧1 − 𝑧𝑒 
(cm) 
(%)
[14]* [28]* exp [16] [29] exp [15] [26] exp 
1i 36 49 118 94 3.68 2.42 27.68 
942 
98 
929 
96 
964 
100 
133 
NA 
129 
NA 
NA 
NA 
6.6 
NA 
6.6 
NA 
NA 
NA 
2i 36 49 271 143 2.52 3.52 12.02 
884 
101 
877 
100 
878 
100 
202 
NA 
193 
NA 
NA 
NA 
10.5 
NA 
10.5 
NA 
NA 
NA 
3i 
36 98 164 79 1.93 
2.89 6.22 
373 
98 
382 
100 
382 
100 
111 
112 
105 
106 
99 
100 
15.5 
124 
15.5 
124 
12.5 
100 
3ii 3.13 6.74 
388 
102 
395 
104 
382 
100 
111 
112 
105 
106 
99 
100 
14.3 
114 
14.3 
114 
12.5 
100 
4i 
36 98 164 79 3.20 
2.89 10.34 
483 
97 
482 
97 
499 
100 
111 
111 
106 
106 
100 
100 
15.5 
130 
15.5 
130 
11.9 
100 
4ii 3.08 11.01 
498 
100 
496 
100 
499 
100 
111 
111 
106 
106 
100 
100 
14.6 
122 
14.6 
122 
11.9 
100 
5i 
33 98 164 75 0.75 
2.89 2.21 
218 
81 
257 
96 
268 
100 
106 
96 
102 
92 
111 
100 
16.9 
161 
16.5 
157 
10.5 
100 
5ii 3.60 2.76 242 
90 
273 
102 
268 
100 
106 
96 
101 
91 
111 
100 
13.6 
129 
13.4 
128 
10.5 
100 
Lockages n° 3, 4 and 5 pertain to two-sided lock filling (i.e. using both culverts in a lock head). For each of these 
lockages, the equivalent culvert has a cross-section 𝐴𝑒𝑞 = 98 𝑚² (Eq. [35]) and length 𝐿𝑒𝑞 ≈ 164 𝑚 (Eq. [36]). 
For estimating the total head loss coefficients 𝑘𝑒𝑞, two methodologies will be examined. In the first methodology, 
a common value of 𝑘𝑒𝑞 ≈ 2.89 (Eq. [37]) is adopted for the three equivalent culverts (see rows 3
i, 4i and 5i in
Table 2), while in the second methodology a different value will be determined per lockage, based on the 
available measurements and Eq. [40] (see rows 3ii, 4ii and 5ii in Table 2). Note that for lockage n° 5, the second 
methodology leads to a 𝑘 value (row 5ii) which is about 16% higher than the values for lockages n° 3 and 4 
(rows 3ii and 4ii). Also in other lockages recorded in 2019 (not reported in this paper) it was found that the total 
head losses while filling through the upper lock head have somewhat increased in comparison to 2017.  
4.4 Comparison of analytical formulae with experimental values 
4.4.1 Filling time and characteristics of first up-surge 
Table 2 presents the dimensionless damping parameters 𝜓 derived from the estimated 𝑘 values for the 
lockages n° 1 to 5, as well as the ensuing analytical predictions and corresponding experimental values of the 
filling time and the first up-surge characteristics. Lockage n° 5 (two-sided filling with ℓ = 0.75 m) has the lowest 
𝜓 value (≈2.2), but note that lower values could be obtained in case of lower lift heights (since 𝜓 ∝ ℓ, Eq. [13]). 
With the first methodology to estimate the 𝑘 and 𝜓 values, both the analytical formulae [14] and [28] yield 
reasonable predictions for the filling time, though the approximate formula [14] leads to a significant 
underprediction for lockage n° 5 (row 5i). The latter observation is in line with Figure 2 (see red full line, evaluated 
at 𝜓 = 2.21). For the time of the first surge, both formulae [16] and [29] agree reasonably well with the 
experiments. For the height of the first surge in lockages n° 3, 4 and 5 (rows 3i , 4i and 5i), however, both 
formulae [15] and [26] lead to an overprediction of 𝑧1 − 𝑧𝑒 with 24 to 61%.  
With the second methodology to estimate the 𝑘 and 𝜓 values, similar conclusions can be drawn, although 
the underprediction of the filling time for lockage n° 5 with formula [14] is reduced (row 5ii). Also the 
overprediction of the first surge heights is reduced, but still amounts up to 14 to 29% (rows 3ii , 4ii and 5ii). 
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Some caution is needed when comparing the predicted heights of the first up-surge with the experiments, 
however. For lockages n° 3 and 4, e.g., the analytical values clearly overpredict the experimental (𝑧1 − 𝑧𝑒)
values, whereas they are in much better agreement with the experimental (𝑧1 − 𝑧𝑢) values in Table 1. Moreover,
one should not overlook that the formulae concern the average water levels in the lock chamber and the upper 
pool, whereas the experimental counterparts correspond to point measurements by water level gauges. 
4.4.2 Characteristics of other surges 
For the sake of completeness, predictions (with the formulae inspired by Guo et al., 2017) of the first five 
surges in lockage n° 5 are indicated with markers in Figure 4, as predicted with the 𝜓-values of row 5i and 5ii in 
Table 2. Note that both 𝜓-values actually are based on 𝑘-values which hold for flow in the filling direction, hence 
are actually not applicable in the time intervals of the overtravel during which the flow is in the emptying direction. 
5 CONCLUSIONS 
When filling a navigation lock through a culvert-based system, the inertia of the water flowing in the culverts 
clearly influences the lock filling time and causes overtravel, i.e. up- and down-surges occur around the 
equalization level. A simplified model formulation has been presented, governed by a second order differential 
equation for a quadratically damped oscillator, yielding known approximate analytical formulae for the lock filling 
time and the time and height of the first up-surge. New formulae are then introduced for these quantities, based 
upon the work of Guo et al. (2017) on the mass oscillations in a simple surge tank problem, governed by the 
same equation as the simplified lock filling problem. These new formulae are more accurate solutions of the 
latter problem than the known analytical formulae, in case the dimensionless damping parameter 𝜓 is relatively 
small. These new formulae, however, make use of advanced mathematical functions. 
It has been illustrated how the analytical formulae can be applied outside the simplified model framework 
in which they strictly hold. To this end, the formulae were applied to the Kieldrecht lock (Port of Antwerp, 
Belgium). Since the latter lock has two unequal bypass culverts per lock head as a levelling system, the total 
head loss coefficients in each of the culverts were calibrated independently by means of one-sided fillings. By 
means of an equivalent culvert approach, predictions of the formulae for two-sided fillings were made and 
compared to in situ measurements for a number of lock fillings through the upper lock head. Only in case of a 
small damping parameter (small lift height), the new formula for the lock filling time has a sufficiently better 
agreement with the measurements than the known formula. For the time and height of the first up-surge, 
however, the new and known formulae mutually agree reasonably well for all considered cases. While the 
agreement with the measurements is reasonable for the time of the first up-surge, both the new and the known 
formula overpredict the height of the first up-surge.  
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